IL-1␤ and IL-18 are crucial mediators of inflammation, and a defective control of their release may cause serious diseases. Yet, the mechanisms regulating IL-1␤ and IL-18 secretion are partially undefined. Both cytokines are produced as inactive cytoplasmic precursors. Processing to the active form is mediated by caspase-1, which is in turn activated by the multiprotein complex inflammasome. Here, we show that in primary human monocytes microbial components acting on different pathogen-sensing receptors and the danger-associated molecule uric acid are all competent to induce maturation and secretion of IL-1␤ and IL-18 through a process that involves as a first event the extracellular release of endogenous ATP. ATP release is followed by autocrine stimulation of the purinergic receptors P2X 7. Indeed, antagonists of the P2X7 receptor (P2X7R), or treatment with apyrase, prevent IL-1␤ and IL-18 maturation and secretion triggered by the different stimuli. At variance, blocking P2X 7R activity has no effects on IL-1␤ secretion by monocytes carrying a mutated inflammasome that does not require exogenous ATP for activation. P2X 7R engagement is followed by K ؉ efflux and activation of phospholipase A2. Both events are required for processing and secretion induced by all of the stimuli. Thus, stimuli acting on different pathogen-sensing receptors converge on a common pathway where ATP externalization is the first step in the cascade of events leading to inflammasome activation and IL-1␤ and IL-18 secretion.
I
nflammation causes a great amount of human morbidity and mortality, caused in large part by infections, but also by noninfective pathologic conditions (1) . Microbial components, named pathogen-associated molecular patterns (PAMPs), and molecules released by injured tissues, called danger-associated molecular patterns (DAMPs), trigger pattern recognition receptors (PRRs) resulting in infectious and sterile inflammation, respectively (2) (3) (4) .
PRR activation leads to expression of many inflammatory genes, including IL-1␤ (5) . This cytokine lacks a secretory signal peptide and is secreted through a nonclassical pathway (6) . The production of active IL-1␤ is tightly controlled on several levels to avoid severe adverse effects (5) . The posttranslational regulation is less understood and concerns the process of maturation of the inactive IL-1␤ precursor (pro-IL-1␤) to the active 17-kDa IL-1␤. This process requires the assembly of the cytoplasmic multiprotein complex inflammasome (7) , responsible for the conversion of the zymogen procaspase-1 into the active caspase-1 that mediates IL-1␤ processing. As pro-IL-1␤ cleavage is immediately followed by the release of the mature cytokine, processing and secretion appear to be linked (6, 8, 9) . Inflammasomes harboring diverse molecular components have been described (10) , increasing the complexity of the system. Also, IL-18, a pleiotropic cytokine involved in the early events of the defensive innate immune reactions (11) , lacks a secretory signal peptide. Unlike IL-1␤, IL-18 is constitutively produced by monocytes but, like IL-1␤, requires cleavage by caspase-1 to be secreted in its active form (11) . However, whether IL-18 processing and secretion are regulated by the same mechanisms that control IL-1␤ is unclear.
The process of IL-1␤ secretion can be split into two major steps (8, 9) . First, gene expression and synthesis of the IL-1␤ precursor are induced by inflammatory signals such as PAMPs; then a second signal, namely exogenous ATP, induces inflammasome activation and secretion of mature IL-1␤ (12) .
PRRs include Toll-like receptors (TLRs, at least 10 in humans) and nucleotide oligomerization domain (NOD) proteins (NOD1 and NOD2) (3, 13, 14) that sense specifically different PAMPs. LPS from Gram-negative bacteria is the best-studied ligand for TLR4 (3), whereas Gram-positive bacteria preferentially activate TLR2 through lipoteichoic acid (15) . TLR2 and TLR6 are targets for the yeast wall component zymosan (15) , whereas TLR5 is the extracellular receptor for bacterial flagellin (16) . PAMPs able to gain access to the cytosol, like peptidoglycans, bind NOD proteins (2, 3, 14) . Interestingly, muramyl dipeptide (MDP), a component of peptidoglycans, also binds the inflammasome components NALP3 (17) and NALP1 (18) . The different PRRs generate signaling cascades converging on similar effects on host cells, including induction of genes related to the inflammatory response (3, 14) and inflammasome activation (19) (20) (21) . Recently, it has been proposed that not only PAMPs, but also some DAMPs released by injured tissues, such as uric acid, are able to trigger IL-1␤ secretion (22) . Whether DAMPs can provide both the first and the second signal for secretion of active IL-1␤ and how the different inflammasomes sense and are assembled in response to signals from the various PRRs is still debated.
In mouse macrophages, activation of the purinergic P2X 7 receptor (P2X 7 R) by exogenous ATP is strictly required as second signal for IL-1␤ processing and secretion in response to extracellular stimuli but not to intracellular bacteria (23) . Recent evidence indicates that exogenous ATP is also involved in the intracellular delivery of bacterial molecules through a pore formed by P2X 7 R and the hemichannel protein pannexin-1, resulting in caspase-1 activation (24) .
Also, in LPS-activated primary human monocytes exogenous ATP strongly accelerates IL-1␤ processing and secretion through a series of events (25) , including efflux of K ϩ from the cell (25, 26) , Ca 2ϩ influx, and activation of phospholipases (9, 25, 27) . However, LPS alone is sufficient to induce secretion of IL-1␤, although at a low extent and with slow kinetics (5, 28, 29) . Moreover, it has been proposed that monosodium urate (MSU)-induced IL-1␤ production is P2X 7 R-independent (22) . These observations raise the possibility that, at least in humans, exogenous ATP is not compulsory, and alternative mechanisms may modulate IL-1␤ secretion.
The molecular target of the events elicited by exogenous ATP appears to be NALP3, as mice defective in this gene do not secrete IL-1␤ in response to LPS and ATP (20) . Conversely, monocytes from patients affected by autoinflammatory syndromes such as chronic infantile neurologic cutaneous articular (CINCA), bearing mutations on NALP3, secrete huge amounts of IL-1␤ in response to LPS but do not increase the secretion after ATP stimulation (30) . Thus, mutations seem to provide a ''gain of function'' that releases NALP3 from the requirement of the second signal for activation.
The source of extracellular ATP for IL-1␤ release in vivo is still questioned. Conceivably, cells injured at the site of inflammation can passively release ATP in amounts sufficient to activate P2X 7 R. In addition, a pioneering study by Ferrari et al. (31) showed that in microglia and monocytic cells LPS induces the release of ATP, suggesting its involvement in LPS-driven IL-1␤ secretion. Here, we show that, in human monocytes, agonists of different PRRs trigger the release of endogenous ATP as a common response. The autocrine stimulation of P2X 7 R by the released ATP is then responsible for the cascade of events that leads to maturation and secretion of both IL-1␤ and IL-18.
Results

PAMPs and DAMPs Acting on Different TLRs and NLRs Induce IL-1␤
Secretion at Different Extents. Unstimulated monocytes from Ͼ80% of healthy donors did not synthesize IL-1␤ during 3 h of incubation on plastic dishes (Fig. 1A) . After 15 h, a very weak induction of IL-1␤ synthesis and secretion was detected in most cases ( Fig. 1 A-C) . Exposure to ligands specific for different PRRs, including LPS, Staphylococcus aureus, zymosan, flagellin, and MDP strongly induced intracellular pro-IL-1␤ (Fig. 1 A) and different extents of IL-1␤ processing and secretion (Fig. 1B) . In general, IL-1␤ secretion was detected after 3 h, increased at 6 h, and was still rising at 15 h. Although variable in the different donors (30) , IL-1␤ secretion was induced at higher levels by zymosan and S. aureus. MSU was also able to induce both pro-IL-1␤ synthesis and IL-1␤ processing and secretion ( Fig. 1 A  and C) . A synergism was observed after the simultaneous exposure of monocytes to LPS and MDP, flagellin, or MSU (Fig.  1C) . Treatment with ATP for up to 30 min did not induce pro-IL-1␤ synthesis on unstimulated monocytes (data not shown). Longer exposures could not be carried out because of ATP toxicity. In agreement with previous studies (reviewed in ref. 25 ) a short (15 min) exposure of LPS-stimulated monocytes to exogenous ATP resulted in a strong enhancement of IL-1␤ release (Fig. 1C) . The maximal response to ATP was observed after 6 h and decreased thereafter, being almost undetectable after 15 h of culture with LPS (Fig. 1C) .
Exogenous ATP stimulation of monocytes activated 6 h with the various PAMPs or DAMPs triggered different levels of secreted IL-1␤ (Fig. 1D ). Higher amounts of IL-1␤ were secreted by monocytes activated by weak stimuli, such as LPS, that induced lower levels of secretion during the 6 h of incubation, whereas smaller amounts were induced in monocytes activated by stronger stimuli (Fig. 1D ).
Phospholipase A2 (PLA2) and Histone Deacetylase (HDAC) Inhibitors
Prevent IL-1␤ Secretion. Calcium-independent (27) and calciumdependent PLA 2 (9) and HDAC are implicated in ATP-induced IL-1␤ processing and release by LPS-treated human monocytes (28) . Their involvement in maturation and release of IL-1␤ induced by stimuli acting on different PRRs was then studied. As shown in Fig. 2A , the calcium-dependent PLA 2 blocker arachidonyl trif luoromethylketone (AACOCF 3 ) or the calciumindependent PLA 2 inhibitor bromoenol lactone (BEL) (9, 27) significantly prevented IL-1␤ secretion induced by all of the stimuli tested, in the absence of any sign of cell toxicity (data not shown). A significant inhibition of IL-1␤ secretion was also obtained with the HDAC inhibitors trichostatin A or ITF2357 (Fig. 2B) . As in the case of LPS stimulation (28) , HDAC inhibitors required a longer exposure than PLA 2 blockers to exert a full inhibitory effect. HDAC inhibitors and AACOCF 3 prevented both processing and secretion, as indicated by the failure to detect mature IL-1␤ inside cells and mature or pro-IL-1␤ extracellularly (Fig. 2C ). At variance, treatment with BEL inhibited processing but not secretion, as shown by the predominant secretion of pro-IL-1␤ with respect to mature IL-1␤ (Fig. 2C ).
IL-1␤ Processing and Secretion Is Modulated by K ؉ Concentration.
Monocytes were exposed to PAMPs or DAMPs in high K ϩ or in K ϩ -free buffers that impede or induce K ϩ efflux, respectively (9, 29) . As shown in Fig. 3 A and B , in all cases hindering K ϩ exit resulted in a significant inhibition of IL-1␤ processing and secretion without impairment of pro-IL-1␤ intracellular content. The inhibition was specific for IL-1␤, as secretion of IL-8, induced by all PAMPs, was unaffected by the elevated extracellular K ϩ concentrations (Fig. 3C) . In contrast, K ϩ -free buffer strongly enhanced IL-1␤ secretion (Fig. 3B) , whereas secretion of the classical secretory proteins IL-8 (Fig. 3C ) or IL-6 (data not shown) was inhibited.
To investigate the role of cell lysis in K ϩ efflux, lactate dehydrogenase (LDH) and K ϩ release were measured at the end of the 3 h of incubation. In control medium, LDH release ranged from a minimum of 10% after LPS stimulation to a maximum of 20% after LPS plus MDP, whereas K ϩ release was consistently higher, ranging from 25% in culture exposed to LPS to 50% in cultures exposed to zymosan. In K ϩ -free buffer, K ϩ release reached 60%, whereas the LDH values remained consistently Յ20%.
All Stimuli Induce Active Release of Endogenous ATP, Responsible for P2X 7R Activation. As K ϩ efflux occurs upon P2X 7 R activation by ATP (25, 26) , we hypothesized that in the absence of exogenously added ATP, P2X 7 R triggering and the consequent K ϩ efflux are mediated by endogenous ATP released by activated monocytes. Luciferase assays revealed that indeed ATP is released by monocytes stimulated with the different PAMPs or DAMPs (Fig. 4A ) in amounts correlating with the levels of secreted IL-1␤ (Fig. 4B) . The extracellular accumulation of ATP reflects the balance between ATP release by cells and ATP hydrolysis by ectonucleotidases (32) . Accordingly, when the different cultures were treated with the ecto-ATPase inhibitor ARL (33) , the levels of ATP detected in the different supernatants increased up to 7-fold (Fig. 4A ). This rise was not related to cell death, as LDH release was only slightly increased by ARL (up to 1.6-fold) and as similar levels of ATP were detected in cultures untreated or treated with the pancaspase inhibitor zVAD-fmk (Fig. 4A ). In agreement with the increased release of ATP, IL-1␤ secretion was significantly enhanced by ARL treatment (Fig. 4B) . Oxidized ATP (oATP) or KN-62, two compounds able to block ATP-induced P2X 7 R activation (34, 35) , significantly inhibited IL-1␤ release induced by all stimuli (Fig.  5A) , in the absence of any relevant decrease in the pro-IL-1␤ production (Fig. 5B) . In contrast, no or little inhibition of IL-8 secretion was observed (Fig. 5C ). The inhibitory effect of KN-62 was unrelated to its interference with calcium/calmodulindependent kinase pathway, because the calmodulin antagonist W-7, which does not bind P2X 7 R (36), did not inhibit IL-1␤ secretion (data not shown). Treatment of monocyte cultures with apyrase, which hydrolyzes ATP (37), similarly impaired secretion of IL-1␤ (Fig. 5A) . The P2X 7 R inhibitors blocked both processing and secretion, as indicated by the lack of 17-kDa IL-1␤ in cell lysates (Fig. 5B) .
The ionophore nigericin promotes K ϩ efflux, leading to efficient IL-1␤ processing and secretion (26) . As shown in Fig.  5D , neither oATP nor KN-62 affected nigericin-induced IL-1␤ release, indicating that P2X 7 R activity is dispensable when K ϩ efflux is elicited bypassing PRR activation. The effect of oATP was also investigated on monocytes from a patient affected by CINCA syndrome, carrying a mutated NALP3, that upon LPS stimulation, secrete amounts of IL-1␤ much higher than healthy monocytes, but do not increase secretion in response to ATP (ref. 30 and Fig. 5E ). Unlike in healthy monocytes, oATP did not affect IL-1␤ secretion by NALP3-mutated monocytes (Fig. 5E ).
IL-18 Secretion by Activated Monocytes Is Induced by the Various
PAMPs and Matches Secretion of IL-1␤. Human monocytes were exposed to PAMPs acting on different TLRs and NODs, and the secretion of IL-18 was investigated at 3 or 15 h. As shown in Fig.  6A , secretion of IL-18 was induced by all of the different PAMPs, indicating that, like for IL-1␤, different signaling pathways converge on caspase-1 activation and IL-18 secretion. Notably, although the amount of IL-18 secreted was very low compared with IL-1␤, the trend of secretion induced by the different PAMPs paralleled that of IL-1␤: higher levels of secretion were indeed detected after stimulation with S. aureus and zymosan, or LPS plus MDP. Moreover, monocytes from the CINCA patient stimulated with LPS secreted higher levels of IL-18 than healthy controls (Fig. 6B) .
Similarly to what was observed for IL-1␤ (Fig. 5) , secretion of IL-18 was inhibited by oATP in a significant way in monocytes from healthy donors but not in the CINCA patient (Fig. 6C) . In addition, in the case of IL-18, whereas the calcium-dependent PLA 2 blocker AACOCF 3 completely prevented secretion, the calcium-independent PLA 2 inhibitor BEL prevented processing only, resulting in release of unprocessed pro-IL-18 by activated monocytes (Fig. 6D) .
Discussion
Compelling evidence indicates the crucial role of TLRs in the induction of pro-IL-1␤ synthesis by extracellular noxia (12) . However, whether TLR triggering is sufficient to induce processing and secretion of the cytokine is so far uncertain. Here, we have shown in human monocytes that single signals specific for different TLRs or NOD2 induce not only synthesis but also processing and secretion of IL-1␤, although at variable extents. In all cases, PRR stimulation results in secretion of ATP that activates P2X 7 R through an autocrine loop and triggers a common series of events ending with secretion of mature IL-1␤. In vitro, the amount of ATP released by monocytes will determine the amount of IL-1␤ secreted. In vivo, in the site of inflammation, it is conceivable that variable parameters including the abundance of additional DAMPs released by injured bystander cells and the physico-chemical features of the microenvironment (i.e., redox, levels of K ϩ or other ions) contribute to modulate the process of IL-1␤ maturation and release. An additional variable is represented by the levels of ectonucleotidases, which rapidly hydrolyze the released ATP (32, 33) , thereby limiting IL-1␤ secretion, as confirmed by the strong increase in ATP and IL-1␤ in culture fluids when monocytes stimulations are carried out in the presence of ecto-ATPase inhibitors. Ecto-nucleotidases are expressed not only by monocytes (38) , but also by parasites and bacteria (39) , possibly representing an escape mechanism evolved by pathogens to limit the inflammatory response. Even in the presence of ATPase inhibitors, the ATP measured in monocytes culture fluids is well below the threshold required to stimulate P2X 7 R. This discrepancy has been found also in other experimental systems [astrocytes (32) and renal glomeruli (33)], where the ATP levels measured in extracellular media significantly underestimate the amount of ATP actually released at the cell surface, because of the fast diffusion and the rapid hydrolysis of the cell-derived ATP (32, 33) .
Unlike in mouse macrophages, where flagellin triggers IL-1␤ processing only if delivered intracellularly (23) , in human monocytes extracellular flagellin induces IL-1␤ synthesis, processing, and secretion. This difference is conceivably caused by the fact that mouse macrophages do not express the flagellin binding site TLR5, whereas human monocytes do (40) , as also supported by the strong production of IL-8 induced by flagellin (see Figs. 3C and 5C), consistent with TLR5 activation (41) . Not only PAMPs but also DAMPs, such as MSU, elicit a P2X 7 R-dependent IL-1␤ secretion, in contrast with a previous observation (22) that blocking P2X 7 R did not affect the MSU-induced release of IL-1␤. This discrepancy may depend on the different cells analyzed (THP1 cell line) and the stimulation protocol used (phorbol esters and MSU), which might activate nonclassical pathways of IL-1␤ processing, leading to P2X 7 R-independent IL-1␤ secretion.
Consistent with previous observations on ATP-dependent IL-1␤ release (25) , inhibition of P2X 7 R prevents both IL-1␤ processing and secretion by healthy monocytes. Conversely, blocking P2X 7 R in monocytes from a CINCA patient did not impair IL-1␤ secretion. This result supports our previous findings that in CINCA syndrome the first signal is sufficient to induce full activation of the mutated NALP3, and ATP is dispensable (30) . Furthermore, this result corroborates the specificity of the oATP-mediated inhibition observed in healthy monocytes: if oATP blocked IL-1␤ secretion in a non-P2X 7 Rdependent way, inhibition also would likely be observed in CINCA monocytes.
The different PAMPs and DAMPs used in this study induced comparable pro-IL-1␤ synthesis but different degrees of ATP and IL-1␤ release. This finding implies that the single PRRs are differently efficient in inducing ATP externalization and that the amount of ATP released by monocytes is the limiting step in secretion of active IL-1␤, unless exogenous ATP is supplied. On these bases, any PRR ligand is likely to elicit two main events: (i) production of pro-IL-1␤ and synthesis/activation of unknown factors, possibly belonging to inflammasome, required for caspase-1 activation and (ii) ATP release. IL-1␤ processing and secretion is then handled by the events that follow P2X 7 R triggering. Later, secreted IL-1␤ sustains autocrinally its own production and is finally downmodulated by the IL-1 receptor antagonist, also produced by monocytes (5) .
In agreement with a previous study (42) , the simultaneous stimulation of different PRRs provides addictive effects, thus allowing the innate immune system to modulate the intensity of its response according to characteristics of the inflammatory trigger (virulence and amounts of the pathogens, variety, and relative abundance of DAMPs). The entire set of PRRs is likely redundant, with extensive cross-talk and possibly positive or negative feedback controls (3) . The idea of a large number of different sensors converging on relatively few signaling pathways, at least for a common inflammatory response such as IL-1␤ secretion, is supported by the observation that the same biochemical events previously identified as mediators of ATPinduced secretion [K ϩ eff lux (26) , activation of calciumindependent (27) and calcium-dependent (9) PLA 2 , deacetylation events (28) ] are involved in the secretion of mature IL-1␤ driven by engagement of all of the PRRs tested.
Finally, our study shows that in human monocytes IL-18 processing and secretion is regulated similarly to IL-1␤, being induced by all of the PAMPs/DAMPs that induce IL-1␤ and prevented by the same inhibitors that block its secretion. Moreover, not only IL-1␤ but also IL-18 secretion is dramatically increased in CINCA monocytes after TLR stimulation.
Like IL-1␤, IL-18 has a part in inflammation and immune regulation (43) . However, although unlike IL-1␤, IL-18 is constitutively produced by cells of several tissues, some of which do not express all of the inflammasome components required for caspase-1 activation (11). On the one hand, the wide distribution of IL-18 may suggest that this cytokine has pleiotropic effects that go beyond its pure proinflammatory activity. On the other hand, it is conceivable that depending on the cell types, IL-18 secretion undergoes different regulation. Indeed, we have previously shown that IL-18 is secreted by dendritic cells, after interaction with other immune cells, mostly in form of precursor, without caspase-1 activation (44, 45) . It is possible that the caspase-1 dependency of IL-18 secretion is restricted to monocytes, whereas other mechanisms are active in noninflammatory cells. 
Materials and Methods
Chemicals. ATP, oATP, trichostatin A, KN-62, apyrase, zymosan, and ARL were from Sigma/Aldrich. LPS TLRgrade, AACOCF 3, BEL, flagellin, zVAD-fmk, and MSU were from Alexis Biochemicals. MDP, W-7, and nigericin were from Calbiochem. Heat-inactivated S. aureus was obtained from Invitrogen. ITF2357 was synthesized by Italfarmaco.
Cell Cultures. Human monocytes isolated from buffy coats from healthy controls or heparinized blood from a CINCA patient (kindly provided by M. Gattorno, Giannina Gaslini Institute, after informed consent of the parents approved by the Ethical Board) were enriched by adherence and activated with different stimuli at 37°C in RPMI medium 1640 (Sigma/Aldrich) supplemented with 1% Nutridoma-SP (Roche Applied Science) as described (28, 30) . The stimuli used were 1 g/ml LPS, 3 g/ml MDP (17), 10 7 heat-inactivated S. aureus per ml (46) , 50 g/ml zymosan (47), 0.1 g/ml flagellin (41), and 5 g/ml MSU (22) . When indicated, after 3 h of LPS stimulation, supernatants were replaced with medium containing 1 mM ATP or 20 ⌴ nigericin, and incubation was carried out for 15 min. K ϩ efflux was modulated by replacing the control medium with high K ϩ buffer [150 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM Hepes, 1 g/liter of LD-glucose, pH 7.4 (29)] or free K ϩ buffer [150 mM NaCl, 1 mM MgCl 2, 1 mM CaCl2, 10 mM Hepes, 1 g/liter of LD-glucose, pH 7.4 (9, 29)].
Western Blot Analysis. Triton X-100 cell lysates and trichloroacetic acidconcentrated supernatants were boiled in reducing Laemmli sample buffer, resolved on 12% SDS/PAGE, and electrotransferred (8, 9) . Filters were probed with 3ZD anti-IL 1␤ mAb (IgG1; obtained from the National Cancer Institute Biological Resources Branch, Frederick, MD) or rabbit anti IL-18 (kind gift of C. A. Dinarello), followed by the relevant secondary Ab (DAKO) and developed with ECL-plus (GE Healthcare).
ELISA Analyses. IL-1␤, IL-8 (R&D Systems) and IL-18 (MBL) content in supernatants from monocyte cultures was determined by ELISA.
Determination of Cell Lysis. The release of LDH was measured by the colorimetric assay from Sigma/Aldrich.
Measurement of ATP and K ؉ . Extracellular ATP concentration was determined with an ATP Determination Kit (Invitrogen). The concentration of K ϩ in supernatants and 0.5% Triton X-100 lysates was assayed in an atomic absorption spectrophotometer (28) .
Statistical Analysis. The data were statistically analyzed by using one-way ANOVA test, followed by Bonferroni posttest, using GraphPad software.
